The aim of this investigation was to determine the physical and acoustical properties of compacts made from composted pig slurry solid fraction (SF) in order to assess the potential to recycle this agricultural waste as a sound absorber. The compacts were obtained by compression. The physical parameters investigated were bulk density, durability, and particle size distribution. The acoustical features of the compacts were studied with an impedance tube device in order to verify the acoustic absorption coefficient. Two composts were prepared: pig SF compost without a bulking agent (SSFC) and pig SF compost with wood chips as a bulking agent (WCC). The study's results indicated that compost particles dimension played a key role in the physical and acoustical properties of the compacts: the smaller the particles, the higher the physical and acoustical properties of the compacts. The densification process increased the bulk density of the investigated composts up to 690 kg m −3 for SSFC and 660 kg m −3 for WWC, with, respectively, medium (77.9%) and low (66.5%) durability. The addition of woody bulking agent significantly reduced the absorption coefficient: the best results, in terms of potential use as a sound absorber, were observed for compacts made from composted pig slurry solid fraction without the addition of wood chips.
Introduction
Noise emission can be controlled by sound absorber materials able to reduce the sound reflected from surfaces [1] [2] [3] . The sound absorbers are typically highly porous synthetic materials, such as rock wool, glass wool, polyurethane, or polyester, which are expensive to produce and are generally based on petrochemicals [4] . The growing awareness towards the environmental implications and health issues associated with these materials has increased the attention being paid to natural materials [5] . In this contest, there is emphasis on the use of green, ecofriendly materials in fields like automotive and building construction. This trend is also growing in the area of acoustic and noise control [6] . A high number of potential candidate materials are available from the biomass in the form of organic fibres, either vegetable or animal in origin, to replace the non-natural materials adopted to manufacture conventional sound absorbers. There are many advantages of natural fibers like their low cost, low impact on the environment, good mechanical properties, and low production cost over the conventional noise control material [6] . Furthermore, according to Oldham et al. [2] , they are inherently sustainable as they constitute part of the carbon and nitrogen natural cycles.
All these aspects increase the interest in exploring alternative resources to be exploited as noise absorption materials that are more environmentally sustainable than synthetic conventional materials [7] .
Materials and Methods

Composting Trial
The composting trials were carried out at the IMAMOTER facilities in Turin, Italy (N 44 • 57 25.0 , E 7 • 33 27.8 , 245 m above sea level).
Two different composts were produced from the same SF obtained from a screw press separator. The pig slurry SF compost (SSFC) was obtained by composting 6000 kg of pig SF, while the wood chip compost (WCC) was produced after composting 8000 kg of the same pig slurry SF with 2400 kg of wood chips processed from urban garden pruning residues. Following literature recommendations [27, 28] , before undergoing composting, the wood chips were ground in a hammer mill with a screen size of 4 mm. During WCC windrow preparation, materials were thoroughly mixed to achieve a theoretical C/N ratio equal to 30, so as to optimise the composting performance [24] . After the set-up, windrows were placed on a concrete floor and the process was monitored for 130 days. The temperature of each SF windrow was continuously recorded with three sets of thermocouple sensors (Type K) connected to a multi-channel acquisition system (Grant, mod. SQ 1600). Each set consisted of two thermocouples placed at depths of 0.2 m (T1) and 0.6 m (T2) from the windrow surface and a third one for the ambient temperature. The temperatures were continuously monitored and recorded ( Figure 1 ).
Windrows were composted with a turned strategy to reduce the moisture content of the organic materials, making them suitable for the following compaction process [14, 23] . During the experimental period, windrows were turned six times (day 7, 16, 28, 35, 50, and 71).
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Composting Trial
The composting trials were carried out at the IMAMOTER facilities in Turin, Italy (N 44°57′25.0″, E 7°33′27.8″, 245 m above sea level).
(A) At the end of the composting process, the moisture content of SSFC and WCC was 34.6% and 33.1%, respectively and, hence, suitable for compaction [22] . However, the moisture content of the samples (mass of 10 kg for each compost type) was reduced to 10% by drying in an oven set to 50 °C [29] . The samples were subsequently stored in plastic bags and kept in a cold room at 4 °C for a minimum of 72 h [30] . The moisture content was determined using the American Society of Agricultural and Biological Engineers (ASABE) Standard S358.2 [31] , which recommends an oven drying of the samples at 103 °C for 24 h. Only one moisture level of 10% (wb) was used and this was based upon a literature review: at this moisture level, high quality compacts were produced from various straws and biomasses [32] [33] [34] .
Particle Size Distribution
The particle size distribution was determined for pig slurry SF, woodchips, and final composts (SSFC and WCC) by a vibrating screen method according to the procedure by Allaire and Parent [35] .
Approximately 300 g of each sample was placed on top of a set of three sieves with mesh sizes of 5.0, 2.0, and 0.5 mm, arranged from the largest to the smallest opening. Sieves were equipped with a collecting container at the bottom and a lid at the top and were sieved both vertically and horizontally until no further changes occurred in the distribution of the particles. At the end of the procedure, the various fractions remaining in the sieves and in the lower container were collected and weighed. Sieving was replicated five times.
The studied materials were then classified into four particle size ranges (<0.5 mm, 0.5-2.0 mm, 2.0-5.0 mm, >5.0 mm).
Particle size distribution was determined when the raw materials were at their original moisture content, while compost samples were sieved and classified after being dried to 10% of their wet basis moisture content and before densification.
Bulk Density
The initial density of SSFC and WCC was 150 and 250 kg m −3 , respectively. Density was determined according to the ASABE Standard S269.4 [36] . This method involves pouring the bulk solid into a cylindrical container with a diameter of 380 mm and a height of 495 mm (volume of 0.05615 m 3 ). The material was levelled across the top of the surface of the container and weighed. Mass per unit volume gave the density of the biomass in kg m −3 . At the end of the composting process, the moisture content of SSFC and WCC was 34.6% and 33.1%, respectively and, hence, suitable for compaction [22] . However, the moisture content of the samples (mass of 10 kg for each compost type) was reduced to 10% by drying in an oven set to 50 • C [29] . The samples were subsequently stored in plastic bags and kept in a cold room at 4 • C for a minimum of 72 h [30] . The moisture content was determined using the American Society of Agricultural and Biological Engineers (ASABE) Standard S358.2 [31] , which recommends an oven drying of the samples at 103 • C for 24 h. Only one moisture level of 10% (wb) was used and this was based upon a literature review: at this moisture level, high quality compacts were produced from various straws and biomasses [32] [33] [34] .
Particle Size Distribution
Bulk Density
The initial density of SSFC and WCC was 150 and 250 kg m −3 , respectively. Density was determined according to the ASABE Standard S269.4 [36] . This method involves pouring the bulk solid into a cylindrical container with a diameter of 380 mm and a height of 495 mm (volume of 0.05615 m 3 ). The material was levelled across the top of the surface of the container and weighed. Mass per unit volume gave the density of the biomass in kg m −3 .
Bulk density measurements were repeated five times and the mean value is reported.
Densification Equipment and Sample Preparation
The press used to obtain the compressed material has two opposite hydraulic cylinders. The unit, fitted with an oil-hydraulic system, can deliver up to 297 kN in a time variable from 0 to 210 s.
The press can be equipped with different compressing chambers as needed. In order to obtain the samples required for the acoustic tests, two circular chambers were realized, respectively, with a 28 mm and 100 mm of diameter and 14 cm 3 and 189 cm 3 volume.
Upper and lower cylinders are fitted with load cells (model TMT-HY-C/PS, max rated load 200 kN) that give signals proportional to the compressing force. The top of the plunger is connected to a potentiometric displacement sensor (model Gefran LT-M-0500-S 500 mm full stroke), giving the exact position and volume of the compressing chamber. The oil feed line is equipped with a pressure transducer (Gems sensor 3100 series, 0-250 bar ). Signals from the load cells and displacement transducer are processed by a pc-based acquisition system (DS-NET with BR8 module) with the sampling rate set at 1 ks s −1 .
All the collected data was recorded with properly configured software (Dewesoft 7.0) for post-processing operations.
The mass of the investigated composts used for making compacts was 10.0 ± 0.5 g and 120.0 ± 0.5 g for the 28 mm and 100 mm diameter chambers, respectively. The pressure applied on the particulate materials investigated was in the range 5.0-7.0 MPa. The range of pressure was selected according to the study conducted by Zafari and Kianmehr [37] , which highlighted that, when compressing cattle manure, the best compact durability was obtained when adopting a pressure in the range of 3.5-6.0 MPa. No binder-additive was added to the materials submitted to the process. Figure 2 shows samples of the compacts obtained by the experiment. Bulk density measurements were repeated five times and the mean value is reported.
All the collected data was recorded with properly configured software (Dewesoft 7.0) for postprocessing operations.
The mass of the investigated composts used for making compacts was 10.0 ± 0.5 g and 120.0 ± 0.5 g for the 28 mm and 100 mm diameter chambers, respectively. The pressure applied on the particulate materials investigated was in the range 5.0-7.0 MPa. The range of pressure was selected according to the study conducted by Zafari and Kianmehr [37] , which highlighted that, when compressing cattle manure, the best compact durability was obtained when adopting a pressure in the range of 3.5-6.0 MPa. No binder-additive was added to the materials submitted to the process. Figure 2 shows samples of the compacts obtained by the experiment. Compacts were ejected out of the chamber after the compression by means of the plunger. The length and the diameter of each compact was measured by a digital calliper, while a digital balance (accuracy 0.01 g) was used to measure the mass of densified material. The density of the samples was calculated from the ratio of mass to volume (obtained from length and diameter measurements).
Durability
Durability of the compacts was assessed according to the ASABE Standard S269.4 [36] requiring a rotating tumbling device with inner dimensions of 300 × 300 × 460 mm and external cover made of mash (12.5 mm). The axis of rotation is horizontal.
Durability of the investigated compacts is determined by tumbling 10 test samples for three minutes at 40 rpm. When overturned, compacts are attritioned due to impacts among themselves and against the inner sides of the container. After being overturned, compacts are sieved through a mesh of a diameter approaching 0.8 times the initial diameter of compacts. The durability is expressed as percentage determined as the ratio between the weights of the samples after and before the Compacts were ejected out of the chamber after the compression by means of the plunger. The length and the diameter of each compact was measured by a digital calliper, while a digital balance (accuracy 0.01 g) was used to measure the mass of densified material. The density of the samples was calculated from the ratio of mass to volume (obtained from length and diameter measurements).
Durability of the investigated compacts is determined by tumbling 10 test samples for three minutes at 40 rpm. When overturned, compacts are attritioned due to impacts among themselves and against the inner sides of the container. After being overturned, compacts are sieved through a mesh of a diameter approaching 0.8 times the initial diameter of compacts. The durability is expressed as percentage determined as the ratio between the weights of the samples after and before the abovementioned operation, multiplied by 100. Durability measurements were repeated five times, reporting the average value.
Impedance Tube Device and Acoustical Test
According to ISO 10534-2 [38] , sound absorption measurements were performed using the transfer function method. This method allows one to readily obtain measurements of normal incidence parameters using small samples that are easy to assemble and disassemble. Moreover, from knowing the normal incidence properties, it is also possible to apply some corrective formulas to obtain an approximate value of the random incidence absorption coefficient. Two impedance tubes characterized by different diameters were utilized (Figure 3 ). The big one had an internal diameter of 100 mm, which corresponds to the low frequency range (100-1200 Hz), while the small one had an internal diameter of 28 mm, which corresponds to the high frequency range (1000-5000 Hz). Each tube had a length of 560 mm and mounted two microphones.
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According to ISO 10534-2 [38] , sound absorption measurements were performed using the transfer function method. This method allows one to readily obtain measurements of normal incidence parameters using small samples that are easy to assemble and disassemble. Moreover, from knowing the normal incidence properties, it is also possible to apply some corrective formulas to obtain an approximate value of the random incidence absorption coefficient. Two impedance tubes characterized by different diameters were utilized (Figure 3 ). The big one had an internal diameter of 100 mm, which corresponds to the low frequency range (100-1200 Hz), while the small one had an internal diameter of 28 mm, which corresponds to the high frequency range (1000-5000 Hz). Each tube had a length of 560 mm and mounted two microphones. According to Berardi and Iannace [4] , to reduce the possible gaps between the sample and the container, extreme care was taken to seal the border without creating any local compression between the tube and the compacts. In this way, the size of voids between the tested material and the sample holder was reduced so that the circumferential effect could be considered negligible. The effect of the irregularities in the samples, and in particular at the edges of them, was taken into consideration by repeating the tests with five different samples. For each sample, the measurements were repeated three times.
Data Analysis
Analysis of variance (ANOVA) was performed to compare variations in the density, durability, and absorption coefficient of compacts. The normality of data distribution and assumption of equal variance were checked using the Shapiro-Wilk and Levene test, respectively.
The statistical analyses were performed by SPSS software (IBM SPSS Statistics for Windows, Version 21.0., IBM Corp., Armonk, NY, USA).
Results
Particle Size Distribution
As shown in Figure 4A , the majority of the wood chips particles-63.3%-are included in the range 2.0-5.0 mm, while most of the SF particles-48.1%-are in the range 0.5-2.0 mm.
The particle size distribution of the composted materials ( Figure 4B ) resulted in a higher percentage of finer elements than in the raw materials. Thus the composting process affects the According to Berardi and Iannace [4] , to reduce the possible gaps between the sample and the container, extreme care was taken to seal the border without creating any local compression between the tube and the compacts. In this way, the size of voids between the tested material and the sample holder was reduced so that the circumferential effect could be considered negligible. The effect of the irregularities in the samples, and in particular at the edges of them, was taken into consideration by repeating the tests with five different samples. For each sample, the measurements were repeated three times.
Data Analysis
Results
Particle Size Distribution
The particle size distribution of the composted materials ( Figure 4B ) resulted in a higher percentage of finer elements than in the raw materials. Thus the composting process affects the average dimension of the particles of the materials involved in the process. This is probably because of the moisture content reduction following the drying phase and the effects of biomass degradation that occur during the composting process. average dimension of the particles of the materials involved in the process. This is probably because of the moisture content reduction following the drying phase and the effects of biomass degradation that occur during the composting process. 
Compact Density
As stated by Ruiz Celma et al. [39] , the bulk density of compacts should be taken into account when designing or adopting handling and storage procedures to preserve the integrity of densified materials.
No significant differences (p > 0.05) were found when comparing WCC and SSFC density values. The results from the experiment showed average bulk density values of 660 kg m −3 and 690 kg m −3 for WCC and SSFC, respectively ( Figure 5 ). 
As stated by Ruiz Celma et al. [39] , the bulk density of compacts should be taken into account when designing or adopting handling and storage procedures to preserve the integrity of densified materials. 
Durability
The durability test simulates the mechanical handling of densified materials, predicting the possible fines produced [21] .
The results of the durability test performed with the manufactured compacts showed ( Figure 6 ) that SSFC was characterized by durability values significantly (p < 0.05) higher than WCC. In particular, the average compact durability was 66.5% and 77.9% for WCC and SSFC, respectively. 
Measuring the Acoustic Absorption Coefficient
The sound absorption coefficient, α, is the ratio of the absorbed (and possibly transmitted) energy to the incident energy (possibly per unit time and surface) on any material surface. Typically, the sound absorption coefficient values range from 0 to 1: a value equal to 0 means zero absorption 
Durability
Measuring the Acoustic Absorption Coefficient
The sound absorption coefficient, α, is the ratio of the absorbed (and possibly transmitted) energy to the incident energy (possibly per unit time and surface) on any material surface. Typically, the sound absorption coefficient values range from 0 to 1: a value equal to 0 means zero absorption (total reflection), while a value equal to the unit means total absorption. The absorption coefficient is a function of frequency and was determined on 1/3 octave bands.
The two composts investigated, although being comparable as regards density, exhibited different acoustic properties in the medium range of frequencies (600-1250 Hz). In this range of frequencies, the average sound absorption coefficient value was equal to 0.42 and 0.56 for WCC and SSFC, respectively ( Figure 7) . This difference is probably due to the presence of wood chips, which reduced the porosity of the compacts and, consequently, the acoustic absorption. Comparing WCC and SSFC, no significant differences (p > 0.05) were found at low (<600 Hz) and high (>1250 Hz) frequencies. (total reflection), while a value equal to the unit means total absorption. The absorption coefficient is a function of frequency and was determined on 1/3 octave bands.
The two composts investigated, although being comparable as regards density, exhibited different acoustic properties in the medium range of frequencies (600-1250 Hz). In this range of frequencies, the average sound absorption coefficient value was equal to 0.42 and 0.56 for WCC and SSFC, respectively (Figure 7) . This difference is probably due to the presence of wood chips, which reduced the porosity of the compacts and, consequently, the acoustic absorption. Comparing WCC and SSFC, no significant differences (p > 0.05) were found at low (<600 Hz) and high (>1250 Hz) frequencies. 
Discussion
Previous studies conducted by Kaliyan and Morey [21] highlighted that the ideal particle size distribution to produce good-quality compacts presents approximately half of the particles in the range 0.5-2.0 mm and at least 40% of the particles smaller than 0.5 mm. The studied feedstock did not fulfil these requirements, but nevertheless, in all composts investigated, particles in the 0.5-2.0 mm range were the most represented, while the percentage of particles finer than 0.5 mm ranged from 25.0% to 38.8%. The same study [21] reported that smaller particles help the densification process and the optimum quality of the compacts would generally come from a mixture of different particle sizes because the mixture of particles would create inter-particle bonding with nearly no inter-particle spaces.
Concerning the density of compacts, Berardi and Iannace [4] , during the compaction of different natural fibres, reported lower values, ranging from 50 kg m −3 for light kenaf to 470 kg m −3 for cane (only wood). Such differences are probably due to the different amount of cellulose, hemicelluloses, and lignin in the basic materials.
Adapa et al. [40] established a durability scale for compacts: high when the computed value is above 80%, medium when the value is between 70% and 80%, and low when the value is below 70%. According to this scale, the SSFC compacts presented a medium-high durability, while those from WWC can be considered as being of a low durability, and thus less resistant to breakages during handling and transportation.
Many studies reported a relationship between particle size and durability [37, 41] . The relationship is confirmed by this study where SSFC compacts-those with higher durability values-are characterized by a smaller particle size ( Figure 4B ). Smaller particles have a larger surface area of contact and make the formation of bonds/solid bridges during the densification process possible. In contrast, as confirmed by Kaliyan and Morey [21] , larger particles, which characterized WCC ( Figure 4B ), have fissure points that cause cracks and fractures in the compacts.
The comparison between the sound absorption coefficient values obtained from natural fibres investigated by Berardi and Iannace [4] and those computed for WCC and SSFC is presented in Table 1 . It can be seen from Table 1 that the investigated materials at a 125 Hz frequency have absorption properties which are similar to those of hemp and cane (only wooden). At a 250 Hz frequency, SSFC presents absorption coefficient value similar to those of wood (mineralized) and cane (only wooden), while the absorption coefficient value of WCC is similar to those of hemp and cane (only bark). At a 500 Hz frequency, both SSFC and WCC have absorption properties which are comparable to those of coconut, cane (mixed), cane (only bark), and sheep wool (0.04 m thickness). At a 1000 Hz frequency, SSFC and WCC are characterized by different absorption properties. In particular, SSFC has an absorption coefficient value similar to those of wood (fibres) and cane (only bark), while the absorption coefficient value of WCC is comparable to that of cork. Considering a 2000 Hz frequency, both SSFC and WCC present absorption properties which are similar to those of wood (mineralized) and cane (only wooden).
Conclusions
The current study investigated the physical and acoustical properties of compacts made from agricultural waste, the pig slurry solid fraction, composted itself (SSFC) and mixed with wood chips (WCC). The compacts were obtained without the addition of any binder.
The obtained results indicated that the addition of wood chips significantly affected the physical properties of the investigated compacts. Particle dimension of the composted materials played a key role in the quality of compacts; the smaller the particles, the higher the quality of the compacts.
Both materials presented an absorption coefficient comparable to those from other natural materials, providing an alternative environmentally sustainable raw material for manufacturing sound insulation systems. Future developments of the study are to continue to explore in a reverberation room the acoustic properties of panels made from composted pig slurry solid fraction.
